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(g) Expandable stents and method for making same. 

(57) The invention is directed to an expandable 
stent (10) for implantation in a body lumen, 
such as an artery, and a method for making it 
from a single length of tubing. The stent (10) 
consists of a plurality of radially expandable 
cylindrical elements (12) generally aligned on a 
common axis and interconnected by one or 
more interconnective elements (13). The indivi- 
dual radially expandable cylindrical elements 
(12) consist of ribbon-like material disposed in 
an undulating pattern. The stents (10) are made 
by coating a length of tubing (21) with an 
etchant-resistive material and then selectively 
removing portions of the coating to form a 
pattern for the stent (10) on the tubing (21) to 
expose the portions of the tubing to be re- 
moved. This may be done by machine-control- 
led activation and relative positioning of a laser 
(24) in conjunction with the coated tubing (21). 
After the patterning of the tubing (21), the stent 
(10) is formed by removing exposed portions of 
the tubing (21) by an etching process. 
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This invention relates to expandable endopros- 
thesis devices, generally called stents, which are 
adapted to be implanted into a patient's body lumen, 
such as blood vessel, to maintain the patency thereof. 
These devices are very useful in the treatment of 
atherosclerotic stenosis in blood vessels. 

Stents are generally tubular shaped devices 
which function to hold open a segment of a blood ves- 
sel or other anatomical lumen. They are particularly 
suitable for use to support and hold back a dissected 
arterial lining which can occlude the fluid passage- 
way therethrough. 

Further details of prior art stents can be found in 
U.S. Patent 3,868,956 (Alfidi ef a/.); U.S. Patent 
4,512,338 (Balko et a/.); U.S. Patent 4,553,545 
(Maass et a/.); U.S. Patent 4,733,665 (Palmaz); U.S. 
Patent 4,762,128 (Rosenbluth); U.S. Patent 
4,800,882 (Gianturco); U.S. Patent 4,856,516 (Hill- 
stead); and U.S. Patent 4,886,062 (Wiktor), which are 
hereby incorporated herein in their entirety by refer- 
ence thereto. 

Various means have been described to deliver 
and implant stents. One method frequently described 
for delivering a stent to a desired intralumenal location 
includes mounting the expandable stent on an ex- 
pandable member, such as a balloon, provided on the 
distal end of an intravascular catheter, advancing the 
catheter to the desired location within the patient's 
body lumen, inflating the balloon on the catheter to 
expand the stent into a permanent expanded condi- 
tion and then deflating the balloon and removing the 
catheter. One of the difficulties encountered using 
prior stents involved maintaining the radial rigidity 
needed to hold open a body lumen while at the same 
time maintaining the longitudinal flexibility of the stent 
to facilitate its delivery. 

What has been needed and heretofore unavail- 
able is a stent which has a high degree of flexibility so 
that it can be advanced through tortuous passage- 
ways and can be readily expanded and yet have the 
mechanical strength to hold open the body lumen into 
which it expanded. The present invention satisfies 
this need. 

The present invention is directed to an expand- 
able stent which is relatively flexible along its longitu- 
dinal axis to facilitate delivery through tortuous body 
lumens, but which is stiff and stable enough radially 
in an expanded condition to maintain the patency of 
a body lumen such as an artery when implanted 
therein. 

The stent of the invention generally includes a 
plurality of radially expandable cylindrical elements 
which are relatively independent in their ability to ex- 
pand and to flex relate to one another. The individual 
radially expandable cylindrical elements of the stent 
are dimensioned so as to be longitudinally shorter 
than their own diameters. Interconnecting elements 
or struts extending between adjacent cylindrical ele- 



ments provide increased stability and are preferably 
positioned to prevent warping of the stent upon the 
expansion thereof. The resulting stent structure is a 
series of radially expandable cylindrical elements 

5 which are spaced longitudinally close enough so that 
small dissections in the wall of a body lumen may be 
pressed back into position against the lumenal wall, 
but not so close as to compromise the longitudinal 
flexibility of the stent The individual cylindrical e!e- 

10 ments may rotate slightly relative to adjacent cylindri- 
cal elements without significant deformation, cumu- 
latively giving a stent which is flexible along its length 
and about its longitudinal axis but which is still very 
stiff in the radial direction in order to resist collapse. 

15 The stent embodying features of the invention 

can be readily delivered to the desired lumenal loca- 
tion by mounting it on an expandable member of a de- 
livery catheter, for example a balloon, and passing 
the catheter-stent assembly through the body lumen 

20 to the implantation site. A variety of means for secur- 
ing the stent to the expandable member on the cath- 
eter for delivery to the desired location are available. 
It is presently preferred to compress the stent onto 
the balloon. Other means to secure the stent to the 

25 balloon include providing ridges or collars on the in- 
flatable member to restrain lateral movement, or us- 
ing bioresorbable temporary adhesives. 

The presently preferred structure for the expand- 
able cylindrical elements which form the stents of the 

30 present invention generally have a circumferential un- 
dulating pattern, e.g. serpentine. The transverse 
cross-section of the undulating component of the cyl- 
indrical element is relatively small and preferably has 
an aspect ratio of about two to one to about 0.5 to one. 

35 A one to one aspect ratio has been found particularly 
suitable. The open reticulated structure of the stent 
allows for the perfusion of blood over a large portion 
of the arterial wall which can improve the healing and 
repair of a damaged arterial lining. 

40 The radial expansion of the expandable cylinder 

deforms the undulating pattern thereof similar to 
changes in a waveform which result from decreasing 
the waveform's amplitude and the frequency. Prefer- 
ably, the undulating patterns of the individual cylindri- 

45 cal structures are in phase with each other in order 
to prevent the contraction of the stent along its length 
when it is expanded. The cylindrical structures of the 
stent are plastically deformed when expanded (ex- 
cept with NiTi alloys) so that the stent will remain in 

so the expanded condition and, therefore, they must be 
sufficiently rigid when expanded to prevent the col- 
lapse thereof in use. With superelastic NiTi alloys, the 
expansion occurs when the stress of compression is 
removed so as to allow the phase transformation from 

55 austenite back to martensite and as a result the ex- 
pansion of the stent. 

The elongated elements which interconnect adja- 
cent cylindrical elements should have a transverse 
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cross-section similar to the transverse dimensions of 
the undulating components of the expandable cylin- 
drical elements. The interconnecting elements may 
be formed in a unitary structure with the expandable 
cylindrical elements from the same intermediate 
product, such as a tubular element, or they may be 
formed independently and connected by suitable 
means, such as by welding or by mechanically secur- 
ing the ends of the interconnecting elements to the 
ends of the expandable cylindrical elements. Prefer- 
ably, all of the interconnecting elements of a stent are 
joined at either the peaks or the valleys of the undu- 
lating structure of the cylindrical elements which form 
the stent In this manner there is no shortening of the 
stent upon expansion. 

The number and location of elements intercon- 
necting adjacent cylindrical elements can be varied in 
order to develop the desired longitudinal flexibility in 
the stent structure both in the unexpanded as well as 
the expanded condition. These properties are impor- 
tant to minimize alteration of the natural physiology of 
the body lumen into which the stent is implanted and 
to maintain the compliance of the body lumen which 
is internally supported by the stent. Generally, the 
greaterthe longitudinal flexibility of the stent, the eas- 
ier and the more safely it can be delivered to the im- 
plantation site. 

In a presently preferred embodiment of the in- 
vention the stent is conveniently and easily formed by 
coating stainless steel hypotubing with a material re- 
sistant to chemical etching, and then removing por- 
tions of the coating to expose portions of underlying 
tubing which are to be removed to develop the desired 
stent structure. The exposed portions of the tubing 
are removed by chemically etching from the tubing 
exterior leaving the coated portion of the tubing ma- 
terial in the desired pattern of the stent structure. The 
etching process develops smooth openings in the 
tubing wall without burrs or other artifacts which are 
characteristic of mechanical or laser machining proc- 
esses in the small sized products contemplated. 
Moreover a computer controlled laser patterning 
process to remove the chemical resistive coating 
makes photolithography technology adaptable to the 
manufacture of these small products. The forming of 
a msk in the extremely small sizes needed to make 
the small stents of the invention would be a most dif- 
ficult task. A plurality of stents can be formed from one 
length of hypotubing by repeating the stent pattern 
and providing small webs or tabs to interconnect the 
stents. After the etching process, the stents can be 
separated by severing the small webs or tabs which 
connect them. 

Other features and advantages of the present in- 
vention will become more apparent from the following 
detailed description of the invention, when taken in 
conjunction with the accompanying exemplary draw- 
ings. 



FIG. 1 is an elevationa) view, partially in section, 
of a stent embodying features of the invention which 
is mounted on a delivery catheter and disposed with- 
in a damaged artery. 
5 FIG. 2 is an elevational view, partially in section, 

similar to that shown in FIG. 1 wherein the stent is ex- 
panded within a damaged artery, pressing the dam- 
aged lining against the arterial wall. 

FIG. 3 is an elevational view, partially in section 
10 showing the expanded stent within the artery after 
withdrawal of the delivery catheter. 

FIG. 4 is a perspective view of a stent embodying 
features of the invention in an unexpanded state, with 
one end of the stent being shown in an exploded view 
is to illustrate the details thereof. 

FIG. 5 is a plan view of a flattened section of a 
stent of the invention which illustrates the undulating 
pattern of the stent shown in FIG. 4. 

FIG^ 6 is a schematic representation of equip- 
20 ment for selectively removing coating applied to tub- 
ing in the manufacturing of the stents of the present 
invention. 

FIGS. 7 and 10 are perspective views schemati- 
cally illustrating various configurations of intercon- 

25 nectrve element placement between the radially ex- 
pandable cylindrical elements of the stent. 

FIG. 11 is a plan view of a flattened section of a 
stent illustrating an alternate undulating pattern in the 
expandable cylindrical elements of the stent which 

30 are out of phase. 

FIG. 1 illustrates a stent 10 incorporating features 
of the invention which is mounted onto a delivery 
catheter 11. The stent generally comprises a plurality 
of radially expandable cylindrical elements 12 dis- 
ss posed generally coaxially and interconnected by ele- 
ments 13 disposed between adjacent cylindrical ele- 
ments. The delivery catheter 11 has an expandable 
portion or balloon 14 for expanding the stent 10 within 
an artery 15. The artery 15, as shown in FIG. 1, has 

40 a dissected lining 16 which has occluded a portion of 
the arterial passageway. 

The delivery catheter 11 onto which the stent 10 
is mounted, is essentially the same as a conventional 
balloon dilatation catheter used for angioplasty pro- 

45 cedures. The balloon 14 may be formed of suitable 
materials such as polyethylene, polyethylene tereph- 
thalate, polyvinyl chloride, nylon and ionomers such 
as Surlyn™ manufactured by the Polymer Products 
Division of the Du Pont Company. Other polymers 

50 may also be used. In order for the stent 10 to remain 
in place on the balloon 14 during delivery to the site 
of the damage within the artery 15, the stent 10 is 
compressed onto the balloon. A retractable protective 
delivery sleeve 20 as described in co-pending apptl- 

55 cation Serial No. 07/647,464 filed on April 25. 1990 
and entitled STENT DELIVERY SYSTEM may be 
provided to further ensure that the stent stays in 
place on the expandable portion of the delivery cath- 
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eter 11 and prevent abrasion of the body lumen by the 
open surface of the stent 10 during delivery to the de- 
sired arterial location. Other means for securing the 
stent 10 onto the balloon 14 may also be used, such 
as providing collars or ridges on the ends of the work- 
ing portion, i.e. the cylindrical portion, of the balloon. 

Each radially expandable cylindrical element 12 
of the stent 10 may be independently expanded. 
Therefore, the balloon 14 may be provided with an in- 
flated shape other than cylindrical, e.g. tapered, to fa- 
cilitate implantation of the stent 10 in a variety of body 
lumen shapes. 

In a preferred embodiment, the delivery of the 
stent 10 is accomplished in the following manner. The 
stent 1 0 is first mounted onto the inflatable balloon 14 
onthe distal extremity of the delivery catheter 11. The 
balloon 14 is slightly inflated to secure the stent 10 
onto the exterior of the balloon. The catheter-stent 
assembly is introduced within the patient's vascula- 
ture in a conventional Seldinger technique through a 
guiding catheter (not shown). A guidewire 18 is dis- 
posed across the damaged arterial section with the 
detached or dissected lining 16 and then the cathet- 
er-stent assembly is advanced over a guidewire 18 
within the artery 15 until the stent 10 is directly under 
the detached lining 1 6. The balloon 14 of the catheter 
is expanded, expanding the stent 10 against the ar- 
tery 15, which is illustrated in FIG. 2. While not shown 
in the drawing, the artery 15 is preferably expanded 
slightly by the expansion of the stent 10 to seat or 
otherwise fix the stent 10 to prevent movement In 
some circumstances during the treatment of stenotic 
portions of an artery, the artery may have to be ex- 
panded considerably in order to facilitate passage of 
blood or other fluid therethrough. 

The stent 1 0 serves to hold open the artery 1 5 af- 
terthe catheter 11 is withdrawn, as illustrated by FIG. 
3. Due to the formation of the stent 10 from an elon- 
gated tubular member, the undulating component of 
the cylindrical elements of the stent 10 is relatively 
flat in transverse cross-section, so that when the 
stent is expanded, the cylindrical elements are press- 
ed into the wall of the artery 1 5 and as a result do not 
interfere with the blood flow through the artery 15. 
The cylindrical elements 12 of stent 10 which are 
pressed into the wall of the artery 15 will eventually 
be covered with endothelial cell growth which further 
minimizes blood flow interference. The undulating 
portion of the cylindrical sections 12 provide good 
tacking characteristics to prevent stent movement 
within the artery. Furthermore, the closely spaced 
cylindrical elements 12 at regular intervals provide 
uniform support for the wall of the artery 15, and con- 
sequently are well adapted to tack up and hold in 
place small flaps or dissections in the wall of the ar- 
tery 15 as illustrated in FIGS. 2 and 3. 

FIG. 4 is an enlarged perspective view of the 
stent 10 shown in FIG. 1 with one end of the stent 



shown in an exploded view to illustrate in greater de- 
tail placement of interconnecting elements 13 be- 
tween adjacent radially expandable cylindrical ele- 
ments 12. Each pair of the interconnecting elements 

5 1 3 on one side of a cylindrical element 1 2 are prefer- 
ably placed to achieve maximum flexibility for a stent 
In the embodiment shown in FIG. 4 the stent 10 has 
three interconnecting elements 13 between adjacent 
radially expandable cylindrical elements 12 which are 

10 120 degrees apart Each pair of interconnecting ele- 
ments 13 on one end of a cylindrical element 12 are 
offset radially 60 degrees from the pair on the other 
side of the cylindrical element The alternation of the 
interconnecting elements results in a stent which is 

15 longitudinally flexible in essentially all directions. Va- 
rious configurations for the placement of intercon- 
necting elements are possible, and several examples 
are illustrated schematically in FIGS. 7-10. However, 
as previously mentioned, all of the interconnecting 

20 elements of an individual stent should be secured to 
either the peaks or valleys of the undulating structu- 
ral elements in order to prevent shortening of the 
stent during the expansion thereof. 

FIG. 1 0 illustrates a stent of the present invention 

25 wherein three interconnecting elements 13 are dis- 
posed between radially expandable cylindrical ele- 
ments 12. The interconnecting elements 13 are dis- 
tributed radially around the circumference of the stent 
at a 120 degree spacing. Disposing four or more in- 

30 terconnecting elements between adjacent cylindrical 
elements 12 will generally give rise to the same con- 
siderations discussed above for two and three inter- 
connecting elements. 

The properties of the stent 10 may also be varied 

35 by alteration of the undulating pattern of the cylindri- 
cal elements 12. FIG. 11 illustrates an alternative 
stent structure in which the cylindrical elements are 
in serpentine patterns but out of phase with adjacent 
cylindrical elements. The particular pattern and how 

40 many undulations per unit of length around the cir- 
cumference of the cylindrical element 12, or the am- 
plitude of the undulations, are chosen to fill particular 
mechanical requirements for the stent such as radial 
stiffness. 

45 The number of undulations may also be varied to 

accommodate placement of interconnecting ele- 
ments 13, e.g. at the peaks of the undulations or 
along the sides of the undulations as shown in FIGS. 
5 and 11. 

so The stent 10 of the present invention can be 

made in many ways. However, the preferred method 
of making the stent is to coat a thin-walled tubular 
member, such as stainless steel hypotubing with a 
material which is resistive to chemical etchants and 

55 then to remove portions of the coating to expose un- 
derlying hypotubing which is to be removed but to 
leave coated portions of the hypotubing in the de- 
sired pattern for the stent so that subsequent etching 
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will remove the exposed portions of the metallic tub- 
ing, but will leave relatively untouched the portions of 
the metallic tubing which are to form the stent. The 
coated portion of the metallic tube is in the desired 
shape for the stent An etching process avoids the 
necessity of removing burrs or slag inherent in con- 
ventional or laser machine processes. It is preferred 
to remove the etchant-resistive material by means of 
a machine-controlled laser as illustrated schematical- 
ly in FIG. 6. 

A coating is applied to a length of tubing which, 
when cured is resistive to chemical etchants. "Blue 
Photoresist" made by the Shipley Company in San 
Jose, California, is an example of suitable commer- 
cially available photolithographic coatings. The coat- 
ing is preferably applied by electrophoretic deposi- 
tion. 

To ensure that the surface finish is reasonably 
uniform, one of the electrodes used for the electro- 
chemical polishing is a doughnut-shaped electrode 
which is placed about the central portion of the tubu- 
lar member. 

The tubing may be made of any suitable biocom- 
patible material such as stainless steel, titanium, tan- 
talum, superelastic NiTi alloys and even high strength 
thermoplastic polymers. The stent diameter is very 
small, so the tubing from which it is made must nec- 
essarily also have a small diameter. Typically the 
stent has an outer diameter on the order of about 0.06 
inch in the unexpanded condition, the same outer di- 
ameter of the hypotubing from which it is made, and 
can be expanded to an outer diameter of 0.1 inch or 
more. The wall thickness of the hypotubing is about 
0.003 inch. In the instance when the stent is plastic, 
it has to be heated within the arterial site where the 
stent is expanded to facilitate the expansion of the 
stent. Once expanded, it is cooled to retain its expand- 
ed state. The stent may be conveniently heated by 
heating the fluid within the balloon or by heating the 
balloon directly by a suitable system such as dis- 
closed in co-pending application Serial No. 
07/521,337, filed January 26, 1330 entitled "DILATA- 
TION CATHETER ASSEMBLY WITH HEATED BAL- 
LOON" which is incorporated herein in its entirety by 
reference. The stent may also be made of materials 
such as superelastic NiTi alloys such as described in 
co-pending application Serial No. 07/629,381 , filed 
December 18, 1990, entitled SUPERELASTIC GUID- 
ING MEMBER which is incorporated herein in its en- 
tirety by reference. In this case the stent would be 
formed full size but deformed (e.g. compressed) into 
a small diameter onto the balloon of the delivery cath- 
eter to facilitate transfer to a desired intralumenal site. 
The stress induced by the deformation transforms 
the stent from a martensite phase to an austenite 
phase and upon release of the force, when the stent 
reaches the desired intralumenal location, allows the 
stent to expand due to the transformation back to the 



martensite phase. 

Referring to FIG. 6, the coated tubing 21 is put in 
a rotatable collet fixture 22 of a machine controlled 
apparatus 23 for positioning the tubing 21 relative to 

5 a laser 24. According to machine-encoded instruc- 
tions, the tubing 21 is rotated and moved longitudin- 
ally relative to the laser 24 which is also machine con- 
trolled. The laser selectively removes the etchant-re- 
sistive coating on the tubing by ablation and a pattern 

10 is formed such that the surface of the tube that is to 
be removed by a subsequent chemical etching proc- 
ess is exposed. The surface of the tube is therefore 
left coated in the discrete pattern of the finished 
stent. 

15 A presently preferred system for removing the 

coating on the tubing includes the use of an 80 watt 
C0 2 laser, such as Coherent Model 44, in pulse mode 
(0.3 mS pulse length); 48 mA key current and 48 W 
. key power with 0.75 W average power; at 100 Hz; 

20 Anorad FR=20; 12.5 Torn with no assist gas. Low 
pressure air is directed through the fine focus head 
to ensure that no vapor contacts the lens. The assist 
gas jet assembly on the laser unit may be removed to 
allow a closer proximity of the fine focus head and the 

25 collet fixture. Optimum focus is set at the surface of 
the tubing. Cured photoresist coating readily absorbs 
the energy of the C0 2 wavelength, so that it can be 
readily removed by the laser. A coated 4 inch length 
of 0.06 inch stainless steel tubing is preferred and four 

30 stents can be patterned on the length of tubing. Three 
tabs or webs between stents provide good handling 
characteristics for the tubing after the etching proc- 
ess. 

The process of patterning the resistive coating 

35 on the stent is automated except for loading and un- 
loading the length of tubing. Referring again to FIG. 
6 it may be done, for example, using a CNC opposing 
collet f ixture 22 for axial rotation of the length of tub- 
ing, in conjunction with a CNC X/Y table 25 to move 

'40 the length of tubing axially relative to a machine con- 
trolled laser as described. The entire space between .: 
collets can be patterned using the C0 2 laser set-up 
of the foregoing example. The program for control of 
the apparatus is dependent on the particular config- 

45 uration used and the pattern to be ablated in the coat- 
ing, but is otherwise conventional. 

This process makes possible the application of 
present photolithography technology in manufactur- 
ing the stents. While there is presently no practical 

50 way to mask and expose a tubular photoresist-coated 
part of the small size required for making intravascu- 
lar stents, the foregoing steps eliminate the need for 
conventional masking techniques. 

After the coating is thus selectively ablated, the 

55 tubing is removed from the collet fixture 22. Next, wax 
such as ThermoCote N-4 is heated to preferably just 
above its melting point, and inserted into the tubing 
under vacuum or pressure. After the wax has soiidi- 
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f ied upon cooling, it is reheated beiow its melting point 
to allow softening, and a smaller diameter stainless 
steel shaft is inserted into the softened wax to provide 
support The tubing is then etched chemically in a 
conventional manner. After cutting the tabs connect- 
ing the stents any surface roughness or debris from 
the tabs is removed. The stents are preferably elec- 
trochemically polished in an acidic aqueous solution 
such as a solution of ELECTROGLO #300, sold by 
the ELECTRO-GLO CO., Inc. in Chicago IL, which is 
a mixture of sulfuric acid, carboxyiic acids, phos- 
phates, corrosion inhibitors and a biodegradable sur- 
face active agent The bath temperature is main- 
tained at about 110-135 degrees F. and the current 
density is about 0.4 to about 1.5 amps per in. 2 Cath- 
ode to anode area should be at least about two to one. 
The stents may be further treated if desired, for exam- 
ple by applying a biocompatible coating. 

While the invention has been illustrated and de- 
scribed herein in terms of its use as an intravascular 
stent, it will be apparent to those skilled in the art that 
the stent can be used in other instances such as to 
expand prostatic urethras in cases of prostate hyper- 
plasia. Other modifications and improvements can be 
made without departing from the scope of the inven- 
tion. 



Claims 

1. A longitudinally flexible stent, comprising a plur- 
ality of cylindrically shaped elements which are 
independently expandable in the radial direction 
and which are interconnected so as to be gener- 
ally aligned on a common axis. 

2. The stent of claim 1 wherein the cylindrically 
shaped members are adapted to retain their ex- 
panded condition upon the expansion thereof. 

3. The stent of claim 1 or claim 2, wherein the radi- 
ally expandable cylindrical elements in an un ex- 
panded condition have a length less than the di- 
ameter thereof. 

4. The stent of any preceding claim wherein each ra- 
dially expandable cylindrical element is formed of 
a structural member having transverse dimen- 
sions with an aspect ratio of less than two to one, 
with the structural member formed in an undulat- 
ing pattern and disposed about the longitudinal 
axis of the stent. 

5. The stent of claim 4 wherein the structural mem- 
ber is formed of a biocompatible material select- 
ed from the group consisting of stainless steel, 
tungsten, tantalum, superelastic NiTi alloys and 
thermoplastic polymers. 



6. The stent of any preceding claim wherein the cyl- 
indrically shaped members have interconnective 
elements at one end thereof which are in axial 
alignment with interconnecting elements on the 

5 opposite end of the cylindrical elements. 

7. The stent of claim 6 wherein each interconnecting 
element at one end of a cylindrical element is cir- 
cumferential fy displaced from an interconnective 

10 element on the opposite end of the cylindrical ele- 

ment 

8. The stent of claim 6 or claim 7, wherein the cir- 
cumferential displacement of the interconnecting 

15 elements is of equal magnitude. 

9. The stent of any preceding claim, wherein there 
are up to four interconnective elements disposed 
between adjacent radially expandable cylindrical 

20 elements. 

10. The stent of any preceding claim, wherein the ra- 
dially expandable cylindrical elements and the in- 
terconnecting elements are made of the same 

25 material. 

11. The stent of claim 9 wherein the stent is formed 
from a single piece of tubing. 

30 12. The stent of any preceding claim, wherein the cyl- 
indrical elements are formed of structural mem- 
bers in an undulating pattern. 

13. The stent of claim 12 wherein the undulating pat- 
35 terns of the structural members of the stent are 

in phase. 

14. The stent of claim 13 wherein the connecting ele- 
ments of the stent are all connected to either the 

40 peaks or the valleys of the undulating structural 

members. 

1 5. The process of making a stent which includes t he 
steps of: 

45 a) applying a coating resistive to chemical 

etching to a length of tubing; 
b) selectively removing portions of the resis- 
tive coating to expose sections of the tubing; 
and 

50 c) removing exposed portions of the tubing. 

16. The process of claim 15 wherein a plurality of 
stents are made from a single piece of tubing. 

55 17. The process of daim 15 or claim 16 wherein the 
stent is made from a biocompatible material se- 
lected from the group consisting of polymers, 
stainless steel, titanium, superelastic NiTi alloys 
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and tantalum. 

18. The process of any of claims 15 to 17, wherein 
the coating is applied by electrophoretic deposi- 
tion. 5 

19. A method for deploying a stent of claim 1 within 
a body lumen of a patient which is made of bio- 
compatible thermoplastic polymeric material, 
which includes the steps of: 10 

a) placing the stent on the expandable portion 
of a catheter which is adapted to heat and ex- 
pand the stent; 

b) delivering the stent to a desired location 
within the body lumen; 15 

c) heating and expanding the stent; 

d) allowing the stent to cool in an expanded 
state so as to rigidify the stent and allow it to 
hold open the body lumen; 

e) contracting the expandable portion of the 20 
catheter; and 

f) withdrawing the catheter. 

20. The stent of claim 1 wherein the stent is coated 

with a biocompatible coating. 25 

21. A method for making open reticulated tubular 
structure, comprising the steps of: 

a) providing a discrete length of thin walled 
tubing; 30 

b) forming a resistive coating onto the exterior 
of the tubing; 

c) selectively removing portions of the resis- 
tive coating on the exterior of the tubing to 
leave the desired pattern of the complete 35 
open reticulated tubular structure coated with 
resistive coating and to expose portion of the 
tubing to be removed; and 

d) removing the exposed portions of the tub- 
ing. 40 

22. The method of claim 21 wherein the exposed 
portions of the tubing is removed by etching. 

23. The method of claim 21 wherein the selective re- 45 
movai of the resistive coating is accomplished by 
machine controlled relative movement of the tub- 
ing and a laser. 

24. The method of claim 23 wherein the laser used so 
to selectively remove the resistive coating emits 

a particular wavelength of light which is readily 
absorbable by said coating. 

25. The method of claim 23 or claim 24 wherein the 55 
laser is a C0 2 gas laser. 



resistive coating used is a photolithographic 
chemically resistive coating. 

27. A kit comprising: 

a) an elongated stent delivery catheter having 
proximal and distal extremities, and an ex- 
pandable member on the distal extremity; and 

b) a longitudinally flexible stent which is 
adapted to a si id ably mounted on to the ex- 
pandable member of said catheter and which 
comprises a plurality of cylindrical elements 
which are independently expandable in the 
radial direction and which are interconnected 
so as to be generally aligned on a common 
axis. 



26. The method of any of claims 21 to 25 wherein the 
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(54) Expandable stents and method for making same. 

(57) The invention is directed to an expandable 
stent (10) for implantation in a body lumen, . 
such as an artery, and a method for making it 
from a single length of tubing. The stent (10) 
consists of a plurality of radially expandable 
cylindrical elements (12) generally aligned on a 
common axis and interconnected by one or 
more interconnective elements (13). The indivi- 
dual radially expandable cylindrical elements 
(12) consist of ribbon-like material disposed in 
an undulating pattern. The stents (10) are made . 
by coating a length of tubing (21) with an" 
etchant-resistrve material and then selectively 
removing portions of the coating to form a 
pattern for the stent (10) on the tubing (21) to 
expose the portions of the tubing to be re- 
moved. This may be done by machine-control- 
led activation and relative positioning of a laser 
(24) in conjunction with the coated tubing (21). 
After the patterning of the tubing (21), the stent 
(10) is formed by removing exposed portions of 
the tubing (21) by an etching process. 
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This invention relates to expandable endopros- 
thesis devices, generally called stents, which are 
adapted to be implanted into a patient's body lumen, 
such as blood vessel, to maintain the patency thereof. 
These devices are .very useful in the treatment of 5 
atherosclerotic stenosis in blood vessels. 

Stents are generally tubular shaped devices 
which function to hold open a segment of a blood ves- 
sel or other anatomical lumen. They are particularly 
suitable for use to support and hold back a dissected 10 
arterial lining which can occlude the fluid passage- 
way therethrough. 

Further details of prior art stents can be found in 
U.S. Patent 3,868,956 (Alfidi et a/.); U.S. Patent 
4,512,338 (Balko et at.); U.S. Patent 4,553,545 15 
(Maass et a/.); U.S. Patent 4,733,665 (Palmaz); U.S. 
Patent 4,762,128 (Rosenbluth); U.S. Patent 
4,800,882 (Gianturco); U.S. Patent 4,856,516 (Hill- 
stead); and U.S. Patent 4,886,062 (Wiktor), which are 
hereby incorporated herein in their entirety by refer- 20 
ence thereto. 

Various means have been described to deliver 
and implant stents. One method frequently described 
for delivering a stent to a desired intralumenal location 
includes mounting the expandable stent on an ex- 25 
pandable member, such as a balloon, provided on the 
distal end of an intravascular catheter, advancing the 
catheter to the desired location within the patient's 
body lumen, inflating the balloon on the catheter to 
expand the stent into a permanent expanded condi- 30 
tion and then deflating the balloon and removing the 
catheter. One of the difficulties encountered using 
prior stents involved maintaining the radial rigidity 
needed to hold open a body lumen while at the same 
time maintaining the longitudinal flexibility of the stent 35 
to facilitate its delivery. 

What has been needed and heretofore unavail- 
able is a stent which has a high degree of flexibility so 
that it can be advanced through tortuous passage- 
ways and can be readily expanded and yet have the 40 
mechanical strength to hold open the body lumen into 
which it expanded. The present invention satisfies 
this need. 

The present invention is directed to an expand- 
able stent which is relatively flexible along its longitu- 45 
dinal axis to facilitate delivery through tortuous body 
lumens, but which is stiff and stable enough radially 
in an expanded condition to maintain the patency of 
a body lumen such as an artery when implanted 
therein. so 

The stent of the invention generally includes a 
plurality of radially expandable cylindrical elements 
which are relatively independent in their ability to ex- 
pand and to flex relate to one another. The individual 
radially expandable cylindrical elements of the stent 55 
are dimensioned so as to be longitudinally shorter 
than their own diameters. Interconnecting elements 
or struts extending between adjacent cylindrical ele- 



ments provide increased stability and are preferably 
positioned to prevent warping of the stent upon the 
expansion thereof. The resulting stent structure is a 
series of radially expandable cylindrical elements 
which are spaced longitudinally close enough so that 
small dissections in the wall of a body lumen may be 
pressed back into position against the lumenal wall, 
but not so close as to compromise the longitudinal 
flexibility of the stent. The individual cylindrical ele- 
ments may rotate slightly relative to adjacent cylindri- 
cal elements without significant deformation, cumu- 
latively giving a stent which is flexible along its length 
and about its longitudinal axis but which is still very 
stiff in the radial direction in order to resist collapse. 

The stent embodying features of the invention 
can be readily delivered to the desired lumenal loca- 
tion by mounting it on an expandable member of a de- 
livery catheter, for example a balloon, and passing 
the catheter-stent assembly through the body lumen 
to the implantation site. A variety of means for secur- 
ing the stent to the expandable member on the cath- 
eter for delivery to the desired location are available. 
It is presently preferred to compress the stent onto 
the balloon. Other means to secure the stent to the 
balloon include providing ridges or collars on the in- 
flatable member to restrain lateral movement, or us- 
ing bioresorbable temporary adhesives. 

The presently preferred structure for the expand- 
able cylindrical elements which form the stents of the 
present invention generally have a circumferential un- 
dulating pattern, e.g. serpentine. The transverse 
cross-section of the undulating component of the cyl- 
indrical element is relatively small and preferably has 
an aspect ratio of about two to one to about 0.5 to one. 
A one to one aspect ratio has been found particularly 
suitable. The open reticulated structure of the stent 
allows for the perfusion of blood over a large portion 
of the arterial wall which can improve the healing and 
repair of a damaged arterial lining. 

The radial expansion of the expandable cylinder 
deforms the undulating pattern thereof similar to 
changes in a waveform which result from decreasing 
the waveform's amplitude and the frequency. Prefer- 
ably, the undulating patterns of the individual cylindri- 
cal structures are in phase with each other in order 
to prevent the contraction of the stent along its length 
when it is expanded. The cylindrical structures of the 
stent are plastically deformed when expanded (ex- 
cept with NiTi alloys) so that the stent will remain in 
the expanded condition and, therefore, they must be 
sufficiently rigid when expanded to prevent the col- 
lapse thereof in use. With superelastic NiTi alloys, the 
expansion occurs when the stress of compression is 
removed so as to allow the phase transformation from 
austenite back to martensite and as a result the ex- 
pansion of the stent. 

The elongated elements which interconnect adja- 
cent cylindrical elements should have a transverse 
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cross-section similar to the transverse dimensions of 
the undulating components of the expandable cylin- 
drical elements. The interconnecting elements may 
be formed in a unitary structure with the expandable 
cylindrical elements from the same intermediate 
product, such as a tubular element, or they may be 
formed independently and connected by suitable 
means, such as by welding or by mechanically secur- 
ing the ends of the interconnecting elements to the 
ends of the expandable cylindrical elements. Prefer- 
ably, all of the interconnecting elements of a stent are 
joined at either the peaks or the valleys of the undu- 
lating structure of the cylindrical elements which form 
the stent. In this manner there is no shortening of the 
stent upon expansion. 

The number and location of elements intercon- 
necting adjacent cylindrical elements can be varied in 
order to develop the desired longitudinal flexibility in 
the stent structure both in the unexpanded as well as 
the expanded condition. These properties are impor- 
tant to minimize alteration of the natural physiology of 
the body lumen into which the stent is implanted and 
to maintain the compliance of the body lumen which 
is internally supported by the stent. Generally, the 
greater the longitudinal flexibility of the stent, the eas- 
ier and the more safely it can be delivered to the im- 
plantation site. 

In a presently preferred embodiment of the in- 
vention the stent is conveniently and easily formed by 
coating stainless steel hypotubing with a material re- 
sistant to chemical etching, and then removing por- 
tions of the coating to expose portions of underlying 
tubing which are to be removed to develop the desired 
stent structure. The exposed portions of the tubing 
are removed by chemically etching from the tubing 
exterior leaving the coated portion of the tubing ma- 
terial in the desired pattern of the stent structure. The 
etching process develops smooth openings in the 
tubing wall without burrs or other artifacts which are 
characteristic of mechanical or laser machining proc- 
esses in the small sized products contemplated. 
Moreover, a computer coniroiied laser patterning 
process to remove the chemical resistive coating 
makes photolithography technology adaptable to the 
manufacture of these small products. The forming of 
a msk in the extremely small sizes needed to make 
the small stents of the invention would be a most dif- 
ficult task. A plurality of stents can be formed from one 
length of hypotubing by repeating the stent pattern 
and providing small webs or tabs to interconnect the 
stents. After the etching process, the stents can be 
separated by severing the small webs or tabs which 
connect them. 

Other features and advantages of the present in- 
vention will become more apparent from the following 
detailed description of the invention, when taken in 
conjunction with the accompanying exemplary draw- 
ings. 



FIG. 1 is an eievational view, partially in section, 
of a stent embodying features of the invention which 
is mounted on a delivery catheter and disposed with- 
in a damaged artery. 
5 FIG. 2 is an eievational view, partially in section, 

similar to that shown in FIG. 1 wherein the stent is ex- - 
panded within a damaged artery, pressing the dam- 
aged lining against the arterial wall. 

FIG. 3 is an eievational view, partially in section 
10 showing the expanded stent within the artery after 
withdrawal of the delivery catheter. 

FIG. 4 is a perspective view of a stent embodying 
features of the invention in an unexpanded state, with 
one end of the stent being shown in an exploded view 
15 to illustrate the details thereof. 

FIG. 5 is a plan view of a flattened section of a 
stent of the invention which illustrates the undulating 
pattern of the stent shown in FIG. 4. 

FIG. 6 is a schematic representation of equip- 
20 ment for selectively removing coating applied to tub- 
ing in the manufacturing of the stents of the present 
invention. 

FIGS. 7 and 10 are perspective views schemati- 
cally illustrating various configurations of intercon- 

25 necthve element placement between the radially ex- 
pandable cylindrical elements of the stent. 

FIG. 11 is a plan view of a flattened section of a 
stent illustrating an alternate undulating pattern in the 
expandable cylindrical elements of the stent which 

30 are out of phase. 

FIG. 1 illustrates a stent 1 0 incorporating features 
of the invention which is mounted onto a delivery 
catheter 11. The stent generally comprises a plurality 
of radially expandable cylindrical elements 12 dis- 

35 posed generally coaxially and interconnected by ele- 
ments 13 disposed between adjacent cylindrical ele- 
ments. The delivery catheter 11 has an expandable 
portion or balloon 1 4 for expanding the stent 1 0 wit hin 
an artery 15. The artery 15, as shown in FIG. 1 , has 

40 a dissected lining 16 which has occluded a portion of 
the arterial passageway. 

The delivery caiheief 11 onto which the stent 10 
is mounted, is essentially the same as a conventional 
balloon dilatation catheter used for angioplasty pro- 

45 cedures. The balloon 14 may be formed of suitable 
materials such as polyethylene, polyethylene tereph- 
thalate, polyvinyl chloride, nylon and ionomers such 
as Surlyn™ manufactured by the Polymer Products 
Division of the Du Pont Company. Other polymers 

so may also be used. In order for the stent 10 to remain 
in place on the balloon 14 during delivery to the site 
of the damage within the artery 15, the stent 10 is 
compressed onto the balloon. A retractable protective 
delivery sleeve 20 as described in co-pending appli- 

55 cation Serial No. 07/647,464 filed on April 25, 1990 
and entitled STENT DELIVERY SYSTEM may be 
provided to further ensure that the stent stays in 
place on the expandable portion of the delivery cath- 
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eter 11 and prevent abrasion of the body lumen by the 
open surface of the stent 1 0 during delivery to the de- 
sired arterial location. Other means for securing the 
stent 10 onto the balloon 14 may also be used, such 
as providing collars or ridges on the ends of the work- 5 
ing portion, i.e. the cylindrical portion, of the balloon. 

Each radially expandable cylindrical element 12 
of the stent 10 may be independently expanded. 
Therefore, the balloon 14 may be provided with an in- 
flated shape other than cylindrical, e.g. tapered, to fa- 10 
cilitate implantation of the stent 10 in a variety of body 
lumen shapes. 

In a preferred embodiment, the delivery of the 
stent 10 is accomplished in the following manner. The 
stent 1 0 is first mounted onto the inflatable balloon 14 is 
on the distal extremity of the delivery catheter 11 . The 
balloon 14 is slightly inflated to secure the stent 10 
onto the exterior of the balloon. The catheter-stent 
assembly is introduced within the patient's vascula- . 
ture in a conventional Seldinger technique through a 20 
guiding catheter (not shown). A guidewire 18 is dis- 
posed across the damaged arterial section with the 
detached or dissected lining 16 and then the cathet- 
er-stent assembly is advanced over a guidewire 18 
within the artery 15 until the stent 10 is directly under 25 
the detached lining 16. The balloon 14 of the catheter 
is expanded, expanding the stent 10 against the ar- 
tery 15, which is illustrated in FIG. 2. While not shown 
in the drawing, the artery 15 is preferably expanded 
slightly by the expansion of the stent 10 to seat or 30 
otherwise fix the stent 10 to prevent movement In 
some circumstances during the treatment of stenotic 
portions of an artery, the artery may have to be ex- 
panded considerably in order to facilitate passage of 
blood or other fluid therethrough. 35 

The stent 1 0 serves to hold open the artery 1 5 af- 
ter the catheter 11 is withdrawn, as illustrated by FIG. 
3. Due to the formation of the stent 10 from an elon- 
gated tubular member, the undulating component of 
the cylindrical elements of the stent 10 is relatively 40 
flat in transverse cross-section, so that when the 
stent is expanded, the cylindrical elements are press- . 
ed into the wall of the artery 15 and as a result do not 
interfere with the blood flow through the artery 15. 
The cylindrical elements 12 of stent 10 which are 45 
pressed into the wall of the artery 15 will eventually 
be covered with endothelial cell growth which further 
minimizes blood flow interference. The undulating 
portion of the cylindrical sections 12 provide good 
tacking characteristics to prevent stent movement so 
within the artery. Furthermore, the closely spaced 
cylindrical elements 12 at regular intervals provide 
uniform support for the wall of the artery 15, and con- 
sequently are well adapted to tack up and hold in 
place small flaps or dissections in the wall of the ar- 55 
tery 15 as illustrated in FIGS. 2 and 3. 

FIG. 4 is an enlarged perspective view of the 
stent 10 shown in FIG. 1 with one end of the stent 



shown in an exploded view to illustrate in greater de- 
tail placement of interconnecting elements 13 be- 
tween adjacent radially expandable cylindrical ele- 
ments 12. Each pair of the interconnecting elements 
1 3 on one side of a cylindrical element 12 are prefer- 
ably placed to achieve maximum flexibility for a stent 
In the embodiment shown in FIG. 4 the stent 10 has 
three interconnecting elements 13 between adjacent 
radially expandable cylindrical elements 12 which are 
120 degrees apart Each pair of interconnecting ele- 
ments 13 on one end of a cylindrical element 12 are 
offset radially 60 degrees from the pair on the other 
side of the cylindrical element. The alternation of the 
interconnecting elements results in a stent which is 
longitudinally flexible in essentially all directions. Va- 
rious configurations for the placement of intercon- 
necting elements are possible, and several examples 
are illustrated schematically in FIGS. 7-10. However, 
as previously mentioned, all of the interconnecting 
elements of an individual stent should be secured to 
either the peaks or valleys of the undulating structu- 
ral elements in order to prevent shortening of the 
stent during the expansion thereof. 

FIG. 1 0 illustrates a stent of the present invention 
wherein three interconnecting elements 13 are dis- 
posed between radially expandable cylindrical ele- 
ments 12. The interconnecting elements 13 are dis- 
tributed radially around the circumference of the stent 
at a 120 degree spacing. Disposing four or more in- 
terconnecting elements between adjacent cylindrical 
elements 12 will generally give rise to the same con- 
siderations discussed above for two and three inter- 
connecting elements. 

The properties of the stent 10 may also be varied 
by alteration of the undulating pattern of the cylindri- 
cal elements 12. FIG. 11 illustrates an alternative 
stent structure in which the cylindrical elements are 
in serpentine patterns but out of phase with adjacent 
cylindrical elements. The particular pattern and how 
many undulations per unit of length around the cir- 
cumference of the cylindrical element 12, or the am- 
plitude of the undulations, are chosen to fill particular 
mechanical requirements for the stent such as radial 
stiffness. 

The number of undulations may also be varied to 
accommodate placement of interconnecting ele- 
ments 13, e.g. at the peaks of the undulations or 
along the sides of the undulations as shown in FIGS. 
5 and 11. 

The stent 10 of the present invention can be 
made in many ways. However, the preferred method 
of making the stent is to coat a thin-walled tubular 
member, such as stainless steel hypotubing with a 
material which is resistive to chemical etchants and 
then to remove portions of the coating to expose un- 
derlying hypotubing which is to be removed but to 
leave coated portions of the hypotubing in the de- 
sired pattern for the stent so that subsequent etching 



4 



7 



EP 0 540 290 A2 



8 



will remove the exposed portions of the metallic tub- 
ing, but will leave relatively untouched the portions of 
the metallic tubing which are to form the stent. The 
coated portion of the metallic tube is in the desired 
shape for the stent. An etching process avoids the 
necessity of removing burrs or slag inherent in con- 
ventional or laser machine processes. It is preferred 
to remove the etchant-resistive material by means of 
a machine-controlled laser as illustrated schematical- 
ly in RG. 6. 

A coating is applied to a length of tubing which, 
when cured is resistive to chemical etchants. "Blue 
Photoresist" made by the Shipley Company in San 
Jose, California, is an example of suitable commer- 
cially available photolithographic coatings. The coat- 
ing is preferably applied by electrophoretic deposi- 
tion. 

To ensure that the surface finish is reasonably 
uniform, one of the electrodes used for the electro- 
chemical polishing is a doughnut-shaped electrode 
which is placed about the central portion of the tubu- 
lar member. 

The tubing may be made of any suitable biocom- 
patible material such as stainless steel, titanium, tan- 
talum, superelastic NiTi alloys and even high strength 
thermoplastic polymers. The stent diameter is very 
small, so the tubing from which it is made must nec- 
essarily also have a small diameter. Typically the 
stent has an outer diameter on the order of about 0.06 
inch in the unexpanded condition, the same outer di- 
ameter of the hypotubing from which it is made, and 
can be expanded to an outer diameter of 0.1 inch or 
more. The wall thickness of the hypotubing is about 
0.003 inch. In the instance when the stent is plastic, 
it has to be heated within the arterial site where the 
stent is expanded to facilitate the expansion of the 
stent. Once expanded, it is cooled to retain its expand- 
ed state. The stent may be conveniently heated by 
heating the fluid within the balloon or by heating the 
balloon directly by a suitable system such as dis- 
closed in co-pending application Serial No. 
07/521 ,337, filed January 26, 1 390 entitled "DILATA- 
TION CATHETER ASSEMBLY WITH HEATED BAL- 
LOON" which is incorporated herein in its entirety by 
reference. The stent may also be made of materials 
such as superelastic NiTi alloys such as described in 
co-pending application Serial No. 07/629,381, filed 
December 18, 1990, entitled SUPERELASTIC GUID- 
ING MEMBER which is incorporated herein in its en- 
tirety by reference. In this case the stent would be 
formed full size but deformed (e.g. compressed) into 
a small diameter onto the balloon of the delivery cath- 
eter to facilitate transfer to a desired intralumenal site. 
The stress induced by the deformation transforms 
the stent from a martensite phase to an austenite 
phase and upon release of the force, when the stent 
reaches the desired intralumenal location, allows the 
stent to expand due to the transformation back to the 



martensite phase. 

Referring to FIG. 6, the coated tubing 21 is put in 
a rotatable collet fixture 22 of a machine controlled 
apparatus 23 for positioning the tubing 21 relative to 

5 a laser 24. According to machine-encoded instruc- 
tions, the tubing 21 is rotated and moved longitudin- 
ally relative to the laser 24 which is also machine con- 
trolled. The laser selectively removes the etchant-re- 
sistive coating on the tubing by ablation and a pattern 

10 is formed such that the surface of the tube that is to 
be removed by a subsequent chemical etching proc- 
ess is exposed. The surface of the tube is therefore 
left coated in the discrete pattern of the finished 
stent. 

15 A presently preferred system for removing the 

coating on the tubing includes the use of an 80 watt 
C0 2 laser, such as Coherent Model 44, in pulse mode 
(0.3 mS pulse length); 48 mA key current and 48 W 
key power with 0.75 W average power; at 100 Hz; 

20 Anorad FR=20; 12.5 Torn with no assist gas. Low 
pressure air is directed through the fine focus head 
to ensure that no vapor contacts the lens. The assist 
gas jet assembly on the laser unit may be removed to 
allow a closer proximity of the fine focus head and the 

25 collet fixture. Optimum focus is set at the surface of 
the tubing. Cured photoresist coating readily absorbs 
the energy of the C0 2 wavelength, so that it can be 
readily removed by the laser. A coated 4 inch length 
of 0.06 inch stainless steel tubing is preferred andfour 

30 stents can be patterned on the length of tubing. Three 
tabs or webs between stents provide good handling 
characteristics for the tubing after the etching proc- 
ess. 

The process of patterning the resistive coating 

35 on the stent is automated except for loading and un- 
loading the length of tubing. Referring again to FIG. 
6 it may be done, for example, using a CNC opposing 
collet fixture 22 for axial rotation of the length of tub- 
ing, in conjunction with a CNC X/Y table 25 to move 

40 the length of tubing axially relative to a machine con- 
trolled laser as described. The entire space between 
collets can be patterned using the CO z laser set-up 
of the foregoing example. The program for control of 
the apparatus is dependent on the particular config- 

45 u ration used and the pattern to be ablated in the coat- 
ing, but is otherwise conventional. 

This process makes possible the application of 
present photolithography technology in manufactur- 
ing the stents. While there is presently no practical 

so way to mask and expose a tubular photoresist-coated 
part of the small size required for making intravascu- 
lar stents, the foregoing steps eliminate the need for 
conventional masking techniques. 

After the coating is thus selectively ablated, the 

55 tubing is removed from the colletf ixture 22. Next, wax 
such as ThermoCote N-4 is heated to preferably just 
above its melting point, and inserted into the tubing 
under vacuum or pressure. After the wax has solidi- 
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f ied upon cooling, it is reheated below its melting point 
to allow softening, and a smaller diameter stainless 
steel shaft is inserted into the softened wax to provide 
support The tubing is then etched chemically in a 
conventional manner. After cutting the tabs connect- s 
ing the stents any surface roughness or debris from 
the tabs is removed. The stents are preferably elec- 
trochemically polished in an acidic aqueous solution 
such as a solution of ELECTRO-GLO #300, sold by 
the ELECTRO-GLO CO., Inc. in Chicago IL f which is 10 
a mixture of sulfuric acid, carboxylic acids, phos- 
phates, corrosion inhibitors and a biodegradable sur- 
face active agent The bath temperature is main- 
tained at about 110-135 degrees F. and the current 
density is about 0.4 to about 1 .5 amps per in. 2 Cath- 15 
ode to anode area should be at least about two to one. 
The stents may be furt her treated if desired, for exam- 
ple by applying a biocompatible coating. 

While the invention has been illustrated and de- 
scribed herein in terms of its use as an intravascular 20 
stent, it will be apparent to those skilled in the art that 
the stent can be used in other instances, such as to 
expand prostatic urethras in cases of prostate hyper- 
plasia. Other modifications and improvements can be 
made without departing from the scope of the inven- 25 
tion. 



Claims 

30 

1. A longitudinally flexible stent, comprising a plur- 
ality of cylindrically shaped elements which are 
independently expandable in the radial direction 
and which are interconnected so as to be gener- 
ally aligned on a common axis. 35 

2. The stent of claim 1 wherein the cylindrically 
shaped members are adapted to retain their ex- 
panded condition upon the expansion thereof. 

40 

3. The stent of claim 1 or claim 2, wherein the radi- 
ally expandable cylindrical elements in an unex- 
panded condition have a length less than the di- 
ameter thereof. 

45 

4. The stent of any preceding claim wherein each ra- 
dially expandable cylindrical element is formed of 
a structural member having transverse dimen- 
sions with an aspect ratio of less than two to one, 

with the structural member formed in an undulat- 50 
ing pattern and disposed about the longitudinal 
axis of the stent. 

5. The stent of claim 4 wherein the structural mem- 
ber is formed of a biocompatible material select- 55 
ed from the group consisting of stainless steel, 
tungsten, tantalum, superelastic NiTi alloys and 
thermoplastic polymers. 



6. The stent of any preceding claim wherein the cyl- 
indrically shaped members have interconnective 
elements at one end thereof which are in axial 
alignment with interconnecting elements on the 
opposite end of the cylindrical elements. 

7. The stent of claim 6 wherein each interconnecting 
element at one end of a cylindrical element is cir- 
cumferentially displaced from an interconnective 
element on the opposite end of the cylindrical ele- 
ment 

8. The stent of claim 6 or claim 7, wherein the cir- 
cumferential displacement of the interconnecting 
elements is of equal magnitude. 

9. The stent of any preceding claim, wherein there 
are up to four interconnective elements disposed 
between adjacent radially expandable cylindrical 
elements. 

1 0. The stent of any preceding claim, wherein the ra- 
dially expandable cylindrical elements and the in- 
terconnecting elements are made of the same 
material. 

11. The stent of claim 9 wherein the stent is formed 
from a single piece of tubing. 

1 2. The stent of any preceding claim, wherein the cyl- 
indrical elements are formed of structural mem- 
bers in an undulating pattern. 

13. The stent of claim 12 wherein the undulating pat- 
terns of the structural members of the stent are 
in phase. 

14. The stent of claim 13 wherein the connecting ele- 
ments of the stent are all connected to either the 
peaks or the valleys of the undulating structural 
members. 

15. The process of making a stent which includes the 
steps of: 

a) applying a coating resistive to chemical 
etching to a length of tubing; 

b) selectively removing portions of the resis- 
tive coating to expose sections of the tubing; 
and 

c) removing exposed portions of the tubing. 

16. The process of claim 15 wherein a plurality of 
stents are made from a single piece of tubing. 

17. The process of claim 15 or claim 16 wherein the 
stent is made from a biocompatible material se- 
lected from the group consisting of polymers, 
stainless steel, titanium, superelastic NiTi alloys 
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and tantalum. 

18. The process of any of claims 15 to 17, wherein 
the coating is applied by electrophoretic deposi- 
tion. 

19. A method for deploying a stent of claim 1 within 
a body lumen of a patient which is made of bio- 
compatible thermoplastic polymeric material, 
which includes the steps of: 

a) placing the stent on the expandable portion 
of a catheter which is adapted to heat and ex- 
pand the stent; 

b) delivering the stent to a desired location 
within the body lumen; 

c) heating and expanding the stent; 

d) allowing the stent to cool in an expanded 
state so as to rig id if y the stent and allow it to 
hold open the body lumen; 

e) contracting the expandable portion of the 
catheter; and 

f) withdrawing the catheter. 

20. The stent of claim 1 wherein the stent is coated 
with a biocompatible coating. 

21. A method for making open reticulated tubular 
structure, comprising the steps of: 

a) providing a discrete length of thin walled 
tubing; 

b) forming a resistive coating onto the exterior 
of the tubing; 

c) selectively removing portions of the resis- 
tive coating on the exterior of the tubing to 
leave the desired pattern of the complete 
open reticulated tubular structure coated with 
resistive coating and to expose portion of the 
tubing to be removed; and 

d) removing the exposed portions of the tub- 
ing. 

22. The method of claim 21 wherein the exposed 
portions of the tubing is removed by etching. 

23. The method of claim 21 wherein the selective re- 
moval of the resistive coating is accomplished by 
machine controlled relative movement of the tub- 
ing and a laser. 

24. The method of claim 23 wherein the laser used 
to selectively remove the resistive coating emits 
a particular wavelength of light which is readily 
absorbable by said coating. 

25. The method of claim 23 or claim 24 wherein the 
laser is a C0 2 gas laser. 

26. The method of any of claims 21 to 25 wherein the 



resistive coating used is a photolithographic 
chemically resistive coating. 

27. A kit comprising: 

5 a) an elongated stent delivery catheter having 

proximal and distal extremities, and an ex- 
pandable member on the distal extremity; and 
b) a longitudinally flexible stent which is 
adapted to a si id ably mounted on to the ex- 

10 pandable member of said catheter and which 

comprises a plurality of cylindrical elements 
which are independently expandable in the 
radial direction and which are interconnected 
so as to be generally aligned on a common 

15 axis. 
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